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SUMMARY.

This is the Final Report of work accomplished by FMC's Central Engi-
neering LaBoratories. for Quarterrn-a's‘telr ;Food -and Container Institute under
Contract DA-19-129-QM-1597 (01 5116). ' This contract called for "Study of
Vapor Removal Systems in Dehydratli_,d,n-,of Food Products Having Piece or
Block Confolrmation. " |

Centrél Engineering Laboratories built a laboratory _m_od_e_l to conduct
tests on the Carrier Gas Sublifnqti_on Process. . This equipment was able to
process various food products on a small scale and was Isu'fficientlly mstru-
mented to provide data from which graphs were plotted. 'Typical graphs are .
included for observation and comparison.

Variables éuch as temperature, g_aé composition, gas flow rate, pressure
pulsing, and acoustic stimulation (i’xigh--fr:qqueﬁcy.' vibration) were investigated.
..Qf thesé varéables, temperature proved to be the most important. Thg,.other
variables did not producé significant change in the process.

Considé'ration of e'nérgj'r__'. requirements, probable continuous equipment
forms, and p'roduct--qu‘a.‘_li.ty indicates that the carrier-sublimation fr_eeie-drying
process, oper‘ating at ;tm.ospheric pressure, holds promise of producing a
-freeze-dried food plr_o"i_iuc.t of-gbod'qualit_y-? at lower costs. than realized inj_other,.

processes using high-vacuum chambers.




INTRODUCTION®

GENERAL

This report is the final compilation of data .'anldl'te'st' results of work ac-
complislhed.lby FMC'Corpoi‘atio.n iri’the inVestig'atiOn' and evaluation of methods
for dehydration involving car"r'ier?s-uialimajti'ori.,":'cafr’ier gas heating, pressure
pulsating, and a.c;;)ustic stimulation techniques for vapor removal,

Several hiéhl;} satisfactory fr'e'eze—drlyinlg broéésses,. obtaining vapor:sub-
limation through 'épplication of extreme v.aCuurns',-,-- have been developed. .:The
greatest p‘robiem encountered in implementing thgse systems is their high .

. cost due to use of high-vacuurmm chambers, hand labor for loading and unloading,

and a batch operation with relatively long cycle. Since the basic requirements

of these processes tend to force e'quipmenﬁ costs higher for a continuous pro-
'cess, it is neqéssar;r to turn to other procesée.s to reduce the cost of freeze-
dried foods. : o

One very promising process;: called the Carrier Gas Sublimation Process,
consists of passing a streargi of 'dr'y gas through a bed of frozen food product.
It has the characteristics of be.'ing weil suited for continuqus ope.ration and not
necessarily requiring sub-atmospheric pressures. Thi_s is the process sltgdied
by FMC under the terms of contract-='DA1::9~129—QM—1597 (0I 5116).
CHRONOLOGY

26 April 1960 dontract DA-19-129-QM-1597 awarded Central Engineering

" Laboratories of FMC Co;'poration
10 May 1960 Official starting date

8 August 1960 Equipment construction complete




8 August 1960 First experimental-tests started
! May 1961 First sample submitted

28 August 1961 Last sample submitted
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STUDY BROGRAM . . oo o+

OBJIECTIVES

Prirnaryr objectives of th1bstudyprogram were (1) Developbench scale
etiurpment for data gathering purpoe-es; (Z) Inves:tigate effeet of variables
such as temperatnre,. gas composition,: gas .flow .rate, '.p_resls'u:re pulsing, and
acoustic stimulaij:ion on dr..yiné. ;ate and ;;roiili‘(St qnalpity , (3') ':.':P-ro.duee sample
quantitiee of food products for evall\;a',t-i;in "byi the Q't;afte rrnaster'Fo'od. and Con-
taine.rl"Ins.ﬂtitnt'e; .'(4)‘ Make a p-re-l-iminar:}r' economic evalu:ation of the tl.el(':.-.hril.iques
developed. |

BASIC EQUIPMENT DE\/EL'O'PED |

Fxgure 1 depmts the atmosphenc Freeze Dryer equ1pment as or1g1na11y
. . . L ""-_..._ : ¢ IS K
concewed. Flgure 2is a photograph ‘of the’ actual eqmpment assembled for

use in the inve stigation.
Major components of the atmospheric Freeze Dryer (refer to figure 1) as

originally built are:

(1) A désiccator chamber (1 through 8) wh1ch drled the gas used in de-

hydrat:.on, The chamber contamed approx1mate1y 350 1bs of actrvated

¥

alurnmum oxide capable of absorbmg 30 to 40 lbs. of water 3

A TR

{(2) :A gas pump (9) which forced a1r through a heat er (1 1) and through the

P

desiccator chamber to regenerate (remove absorbed water) the alumi-
num oxide desiccant.

(3) A heat exchanger (31) and refrlgeratmn unit f2.9) whlch was used to

 cool the dehydratmn gas before 1t entered the dehydratmn chamber '

(19). . The heat exchanger and refrigeration unit was capable’ of
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(4)

(5)

(6)

cooling 80 cfm of gas, at ambient temperature, to -20°C.

A sample dehydrating acfaarnﬁqr (18) constructed of two concentric

glass pipes with the éﬁn'ular'épacl'e between them evacuated by a

vacuum’ pump {30} to provide in;sulation..._-,' A glass chamber was used

so that Visual observations. could be _ea.s'ilyl attained throughout the

dehydration c'y'éle.

A blower with variable drive {21} to circulate the dehydration gas.,

This unit had a capacity of 80 cfm.

Samiple containers (19):

(a)y

(b)

(c)

Aluminum cylinder 3. 44 in. 1. D. x 5.50 in. high (fig. 4) with
screen bottom. This. container was _us.e'd'_gor most sample.
Aluminum cylinder 3,44 in.'1. D.. x _lll.,l7.5=:. in. high (fig. 5) This
container was divided into thrcfle_lsjgctigin; by equally spaced screen
trays to prevent ""packing'.and deformation of the lower portions

s

of samples. It was used for preparing large samples for quality -

" evaluation.

Aluminum cylinder 2.34 in. 1. D. x 5.50 in. high with screen bot-
tom. All gas was 'div-'ert.ed‘ through the' container by baffles. This

container was used for a.few samples to determine the effect of =

" high gas velocity.

(d)

A container with square cross-section;  containing separator grids,

" was designed to be placed insidea c-‘{flinder (f'i'g-,.'. 6) to retain -

1

samples having a'-.p'lane.orgsllice configuration. The'gr'id kept -~

slices separated and parallel to the gas stream. The bottom’
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SAMPLE CHAMBER

FIGURE 3



FIGURE 4

STANDARD SAMPLE CONTAINER




LARGE SAMPLE CONTAINER

FIGURE 5
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FIGURE 6 CUT-AWAY VIEW - SLICE SAMPLE CONTAINER
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screen area ;x}as blocked off to divert all of gas flow through the
sample.
( 7) Iné trumentation:
.('a) Continuous weigh scales (500 gram capacity) from which sample
under dehx}dration was hung. This allo&ed constant observations
of weight loss (water removed) withéut test interruption (fig. 3).
(b) Taylor témperature contgoller and recorder (22) which controlled
. temperattJ:i'es through valvé positioner (32) and recorded the
o tempéllrlature of the gas at the inlet and outlet of the dehydrating
" chamber., Temperature sensing units (16 and 22) were used to
report temperatures atl .tl.le inlet and outlet.
(c) Miscellanleous'gatil_ges manometers (23 and 24), vacuum gauges
(25), and refrigerator high and low pressure gauges (28) were
installed to provide visual observation of various operating con-

ditions.




PROCEDURES"

A. General Most tests were run at atmospheric pressure and used pre-
frozen foods. The normal procedure under these conditions was: the system
was pre-cooled to operating temperature; frozen food sample was placed in -
the sample container and its Wéfght recorded; gas blower was started to cir-

| culate gas and begin dehydration cycle. Gas flow was stopped at intervals
and sample weight recorded. This' stoppage required less than one r;linute.

A few tests were made using fresh or canned food products. The proce-
dure for these tests was: the system was pre-cooled to -ZOOC; the sample
was placed in the container; gas at -20°C was circulated for 5 to 10 minutes
to quick-freeze the product; system temperature was raised to normal opera-
ting level and the test conducted the same as for frozen food samples.

| Tests were also conducted at sub-atmospheric pressure with no parti-
cular problem except when the triple-beam platform balance was used. In
these cases, the weighing procedure was modified as follows: the gas blower
was stopped; inlet and outlet line valves were closed; air was admitted to the
dehydration chamber; sample weight was determined; system was sealed;
inlet and ou’tlet. valves were opened and the test resumed. This procedure
required approximately five minutes but examination of samples indicated
that they remained frozen.

When a gas other than air was used in the tests, the system was purged.
After introduction of the sample, the system was evaéuated rapidly with a -
large capacity vacuum pump and recharged with the del,sire'd gas.

In tests, involving the use of the ultrasonic whistle {acoustic stimulation)

13




the presence of. the whistle above thels.amp_]e. chamber precluded the possi-
bility of weighing the sample in place. It was necessary to remove the sample
from the chamber and it was impossible to remove é.n_d weigh the sample
rapidly enough to preven{ meeting. Thus, to record weight loss as a function
of total time in the dryer, it was necessary to.dry consecutive samples, each
for a different length of time.': Enough samples were handled in this manner
to arrive ‘at a proper evaluation of the method.

b. Weighing A simple spring scale was used to determine the sample
weight as a function of time in runs 1 through 17.

‘To improve weighing precision, a linear differential transformer
(Schaevitz Engineering Co., Model 060SSL) and 'proving r.ingl”- were used in.
runs 18 through 57. The readout was first malde.with a milliv;)ltmeter and
later with a differential transformer ‘indicator (Daytfonic Corp., Model
300 FB) with a self—contained power'Supply. ‘Unfortunately, the circuit was
not completely stable and there was no method of recalibration duriﬁg- opera-
tion. |

Finally, a system was devised which used a friple—beam platform balance

mounted above the sample chamber. The sagrni)le container was suspended

from the balance by a wire passing _tlhrloulgh' the headplate of the drying chamber.

A rubber stopper, on the wire, sealed t}'le system during operation.

At first, (runs 1 through 51) tl.l'e.‘,dry weight of each sample was determined
by raising the temperature of the carrier éas to-abou‘_t 25°C and circulating
thel heated gas at this temperature until the sample reached constant wéight.

This procedure was time consuming and was abandoned (beginning with run

14




5 2.)- in favor of a moisture ‘c;alaince. (C_enc_o‘:_mo_déllilz6680) :,foxlt.the_flé}né;in;ing, funs .

’ C. Gas Flow- Initially, a_,gagf=b10\xr"'exl'_*(8i'1ftor'bil,t.-.Mo_dell.ZL) 'erquipped- w1th
four: -_pac.%gihg glands and driven by a 1/2,H-P-véf,i<ir;ive unit»waé used. ul‘L,atér,,

a constant speed motor was 'sub‘st'itutéd_fo.r..thg_ x},ari.clx.‘,i.gfe unit {anci‘ ‘the:.:_fd_e,.s 11ed
blower.s_pexe'd obtained 'by‘p;lille_y ratios, . Gas flow rate was, ca;lctila.téd“f-r.(l)ml _
bllow_el,_.r displacement and speed and:corrected: for shp '.a_s ,E..spéc_:ifi;(’i. b'y';che_
manufacturer. For test runs at s'iib.,-'a;,tn'iosphpr,.ic_.:p.ressulr‘es. "'a,'sj.rxi:‘ilar“l:l;\xr.er :
was, completely encased in'a .s,teeli:';hsu,sfihg Wi't.,h, a 'ga.,s;tigl}lnt é,e;él__‘ p"rovi.de(:i for
~ the drive shaft. .

Superficial velocity "(-'ir;.::feét- per; second).of '-g:as-,..?l'_thrl_o:_ilgh. thel,. éérﬁpl_--e con-
tainers varied-according 'to. the ir suzeand cons-tru.,c'ti_o:n,.

. '-.'I.‘he sample container Iﬁ-sl.éd;::fcr'if;n.&s,t, samples .plave,a,Suréd 3. 44:_.in.. ID x
5,50 in, high and had a screen p,d'tt'orlﬁ,ﬁ,;(jﬁg. 4), .sﬁp'.f;a;if_.i‘cm v",elacity; of gas
flow thrlt_:ough" this container is ob,t.ai.he(.i bymultl(plylngthe cﬁbic i.'feet.I.).ei-._ min-—
ute, given in "fchg test run tables, by a fé.ctox: ofO 259

The container used for p'x_.'."e"p.a'a_,r_:ingl-:the ié,;rgf.e 's'é;p:.lples. for quality evaluation
measured 3.44 in, 1.D, %x°11.75 in. h_ilgllh, (fig.. 5). and was d"'i\}'ide(li ,info_,&xréé
sections separated by screen trays to prevent ﬁrog.uct: “péckin’é"-. , S,uperficial
velocity of» thig container is obtamedby multlplylng the cubic feé.t. pef miﬁﬁte,
given in the test tables, By a factoi’_of 0 2'519.

.\ container was de$._i}gned'~_tq-tést 'effééﬁ of h.ig]:a_ gas veloc1ty i‘rg:dg};x'ydratioﬁ.
This container measured 2, 381n L. D’. x 5:.\ 50 in. hlgh and had a screen bot-
tom, All gas was dive rted:thrqug'h'ﬁi;e~cont_p.ine'f by Ba'ffl‘ing,the s'ia.mpl'e cyllipdér

and container. Superficial -I\Qfelocity is obtained By-'multiplying the cubic feet




per minute, given in thé t.estw-tab.lfes, by a factor ofi0.529.

d. Temperature Measurements Inlet and exit gas temperatures were

- measured and recdrded by _thé. Taylbi’ Température Controller.and’Recorder.

e

e. .~.Pres.ls“ulzl'é Pu]smg To evaluate the effect of pressure pul'sing,l(.)n the
~drying rafé Iof 'f;o;zeri .'fcll)lods, iﬁe: ibésic_: equipment sh'owrll in figures 1 and 2'
was. tempc.)r.arilily mOdlerd by adding a butterfly valve to 'd!le line between the
dryipg chamber-_a;dqt}:le -c:-ircrl.llati;)"g blIO\';_vér.

A .39_ gaiins tanidaras ‘installed between the butterfly valve and the blower
intake. IThe..l“buttclaf'flly valve.wgé_ .._'r:;){a-tédwby"é;n electric. motor through a speed.
re<j:ll_ucer. .IAs‘,,the.. :.rotlatingﬁ x};wé -.c_fdfistr.ictéd.t.hq flow. of gas, the ,.,,blewexg.drgWI
gas .from.,the_.tajn"l; and-prlé”s;sﬁ.ré...in:c'régi-:sléd in the drying chamber.until rotation. -
of: the vélvé ,Iagain';;xlllé):\&ed free cif-é;iLé‘ti«qp of the gas stream .and.returned the-
pressure to i'tlslozifigi:na:lﬂ ié\}él. 16 '(.':I"oﬁ_'tgr-.c_;ll the‘mégni‘tude-of:‘ch.ef.pres_;.s.};:rg rise:

| dulrir;g the. Cc:-:nstric.tilc;r;-‘.{;l;ésé of ..t'h-e‘ cycle, a by-pass’valve . with manual con~
trol was C;I)nilected.‘a.cros:; the bﬁt:t-t—::ff_-lyl;félve.

B '
5 .

f. Acoustic Stimulation To de:t-‘er.minel the effect of acoustic stimula- -

ti‘on on drying .raté, th'e"bas'ics.e':ciiii:p..rnent_' was modified! - An. ultra.,‘s._pn.ic_‘vwlhis“,tle -.
'(Gultoh Industxl'ies. Modéi : RP;.-' .1)"{7vas J_rr'lc')ﬂulr'xted above the,,dry.ing;.._lc_k.za,mbe;r, in . .
'piac,el;;f'the pll‘latlrforlrn! balance. Dry gé‘s was, coxnpr-ess“ed,-'-,ton-80...;pl_s.ig,_.,x.c:ooled,.
apd éir;c,tea It‘h'rlough tlhe m;}llis:fle;- “tlo générate an ultrasonic tone.. :Spent gaé ;s
 from t_l'.le.whis.'vcllé_rﬁ.ixéc.lj with ;ch",e (io,ld gl'las_‘ stream from the heat exchanger; and"
p_a;s'se,d into thé ;;_dryir;g éljlaimb_e'r.‘%"'I;llsta;_lat_iqniof the ultra-sonic, whis'tll:e_j,;e-lifn—.

inated the normal method of w.é;i'"ghi'ngl_and necessitated.instigation of a new
"r..-. o - . -

method (refer to.par.l a above).

16




g. Additional Instrumentation '\A.dvdi..t-iié-n-al. iIilstl'llln’.l.ehtS édded to the basic

equiﬁment to a-id;l in data readout and .ec:plzt_lilp.ir"rl{ént checking were:

(1) An eléctrolytig hy.grométexl (Beckman Mode1'26-‘3.1.0) 't.o ;nonitOr
\x}atef vapor 'cdntent. of tile 1nlet gas to verify I‘J."l.fop'exl' functioning o'f.th.'e. desic-
cator. | |

“(2) A .p"res‘.sﬁre indi.ca.td;.'.re"coi*ldler.u (Taylor model B?éJFI36~“1é‘(;8)_.
to determine a:.r'nplitude. of .p'.reésﬁ‘i'e p'lﬂses and p_.relsé'ure drop acros s! the.
Sampll;aljlbled: bn the lgas blowet.

| (3) A vacuum co'n"t:i'ol' SW"i;ch ll(.l\/Iercoi;i:.rh{odel DA 31-l3“) t.olclon-troll

systeimn pr"eSS.ure in Subéaimosﬁherig tests.




RESULTS .
GENERAL"
In all'experiments the latent heat. of .Sui)hnila-éibn.waé"prox}‘iﬂded ‘by ééffrier

R P ) P

gas. The fempera;cﬁr'e lof .i:he. g-;ls; 'a';';;hé-.o.'u.tlle_t';éfl .Ifixé_.i.i.ryitng_clrlsi\r'hber was

gene réily;. 1owclar. than at thé inie!t.i | ':I'.}Iré‘.éiutlet te;mpgr.atu.re was ‘;alw.a.y.g{. 1__0(ver,
atl‘.the. start of .é, run, .duél ;‘tO the ra.pld -Asl.i;l.l;iimatior; of:'s;i;rfa.cé ice,. 'Hox.a'vevgr,
since the .é.)vcper.i.men.{al (zequii)fh;n.t. wéé not ;e'rfec;ly:_Iin.s;ula.t.éd.,t .-th“e_ ter;ipeii'at:lll.r:é\

at the outlet was higher than inlet near the end of the run.

.
1 '
i

Gas temperatures were measured and reéo-ndea by l'the'_. .'I-"a:ylor inétrume.nt.
which employed two sensing elements, one upstream and the other, about the
same distance downstream of the sample. Only one of these fempe_}atu?_els

was controlled. The mean tempe'rature of the safhple'reféff.qd to in '-'th'é._ tables
is taken as the mean of these two.recorded temperatures ;v'it.h;'a few exq_éj)tior;g-
. . ‘.'l' . o T -; - \ . . . .
as noted. High gas flow rates resulted in.a minimum difference of measured
C ' ; b HE L . N e :0 N
temperatures. Masximum. error is believed to be not more than 2 C. Figure.

P .. .
I [N [ 5

7 is a reproduction of two typical. charts;

one with controlled inlet terhperafure

and one with controlled oﬁtlétxtemperatu’re.
In most cases, the raf-é- of 'dehy'drlat'ion appe.a,.r.s' to be diffusion co,nti‘olled
(i.e., a function of the rate Of.diffusion. of water vapoif thi*‘c;ﬁg_h the d;y: food

layer between the ice core and the exterunal ‘surface). In",'a few cases where

large samples were dried, the exit gas was 's"a,tui'ated'w.ith' wate'r' vapoif ;'inifci.a,l-
ly so that the dehydration rate was limited by the moisture carrying capacity
of the gas.

The diffusion rate for products of s:phericé{l configuration such as green

18




INLET TEMPERATURE CONTROLLED

FIGURE 7
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peas has been‘treated theoretica_ll;:'}%"-.al:nd a special coordinate .paper'; has been
RS : 1t . . y - . .. Lo s 'i{-‘.‘l,.,'.\
prepared for the purpose of plotting fraction of water remaining as a function .

of time 86 as to obtain a straight line plot. ‘Samples of diced meats and whole

kernel corn, ‘alt}tqqgh:;rrot stri_ctly ephe}'ie_el,,, ‘may be treated in a similar

manner.

S.amples'__of'.irreggler;_‘shape canpé&?ae‘treeted theoretically, however, it

has been found that a p'lotof fraction of w.ater:remaining as a function of time

1

on semi—log paper pfoducee a stfeigﬁt iirie for _many pi‘oducts slu'oli as french

cut green beans, chopped spmach chopped broccoh, and shced asparagus

3

(see F1gure 8) This line does not always pass through’ ’the o.rigiri (Fig. 9).
Thls appears to be due to disturbed conditions at the fsta,rt of the run and 1t
has been assumed that the. aotu"-ei dehy'dration rate unde_r_' st_e'eay stat’e cond1-
tions (in a continuous prb(:ee's) wduld"- be representee by thedbtted lme shown
m. F1gurle 9 havmg the same slope as the line of experlroeetet Ipomts by trans-

la.ted to pass through the origin..

Colu‘n:m 6 of the tables is the tiriie' (1n ’hours). ir'eq"tl.ire"(.i to"rerrio'\fe '90‘7; of.:

[

the free water contamed m the product sample (corrected to steady state con—.
ditmns) Sinc:e the "ideal".. ‘time to-: 90% water r‘emoval 'repres e'nte‘ 2 project1on

of the lmear portmn of the drymg cutve 3 this measure of drymg rate has _

value beyond 1ts convenience as a cornpa;ratwe flgure. After 90 95% of the .

or1g1na1 water is removed most products may be dr1ed at cons1derab1y ele-
' ' ‘ AL .
1 {

vated gas temperatu,r_es (without fur-ther.« shrinkage, or 'o"the‘r g'rossly v'isible.

o
=

'damage) 1n about ope or two hours to the requ1s1te 3% m01sture content for

: storage. For 'this, rea{son',.'__the ,time required fo'r 90‘%‘ weter removal is a
: . e, g oo H T Lel % e - - ) .

20




FRACTION OF WATER REMAINING
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: gOOd 1nd1cator of the actual drying time in a commerc1a1 dryer.
. . n Lot 3 | SR R i

Effect of Operatmg Var1ab1es and Type of Food Product

Although the Food and Contamer Inst1tute is not espec1a11y 1nterested in

R LN e
i ¥ : ‘.v

R

freeZe drymg green beans, th1s product is conven;ent for the study of certam

operating var1ab1es Data gwen in Table 1 w111 be cons1dered £1rst

Runs 3_, 4, 5, 11, 13 14 15 16 17 21 22 23 29 30 41 42 and
45 were all rnade w1th the same brand of f.r0zen french cut beans Table i

shows average results for runs made -under similar condit;@o,ns.
' S St : ; v

A comparison of A and B shows that the lower temperature of ‘B resulted

in a much longer drying tirne.'
A comparls on of A and D 1nd1cates that a large mcreaSe in gas velocxty

LA coat

had practically no effect on dry1ng .-tlme;- It was obServed that hlgh gas velo-

c1ty resulted in deformatmn of the sa,mple, compactlon of the bed and some
""channeling; Smce h1gh veloc1ty causeg h1gh pressure drop and result in

*‘.";

' hlgher pumping costs, o further exper1ments were carr1ed out under these

conditions.

A co'mparis'o_n' .o.f A‘and C Sugg.ests‘ .that'“ll:educe.d_. ;;essure shuftens I.t,he,
drying lti,me. ‘ This--ob'servation Was'lé,t_er confirmed by the e;{cp;erimeh'te using
green peas. .I N
A compansun of A and Run 29 sugglests. that pressure pul;tng ‘may sl1ght1y

shorten the drymg txme

_ Runs 31 32 33, 34, and 35 were a11 made W1th the same brand of fro-
zen french- cut beans The average size of the 1nd1v1dua1 pleces was shghtly

f . 3 P ( N I“ i
larger than those used 'in the o,ther runs and the drying‘ tirnge,_pr‘l‘de'f similar
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.~ TABLE 1 BEANS

_ |'Run . Initial : .-,M'ezig. Temp. - .'--__'G".:'i. '.Flow"ln Time ,.Refl.l‘-=
| No. Type Weight {gm) { C.) ) (min) (hr) Noté’fj- .

. cut L 215 -4 .- 1 (26)
51 | . out ; 675 : -5, 38 (35) | 11
55 cut | 710 L =30 52 | 315
3 | french-cut | 205 ¥ -4, 24 3.0.
.4 | french-cut - 235 } -9 25 5.9

19
19

5 . | french-cut S 210 -9, 7
W7

14 4.
.3

2

11 french-cut | . 235 1 =9
13 | french-cut . 235 _ -5,
14 | freoch-cut 235 v -5.
15 .| french-cut 235 -5.

26
41

00N W o W NIV U

16 | french-cut 235 9.,
17 . _i.rénc-h~.cut ' : 190 : ~-10,
21 | french-cut 235 RE -5,
22 | french-cut 235 . -6,
29 french-cut’ 2156 . -5,

14 | 8.0,
34 RN
o 3
:49 : "

o O RO
J—
W

o
S

49
.49

30 | french-cut 210 - -5 2
tp o4

49 4.
‘3

3

131 | french-cut 200 ] -5.
132 | french-cut 255 ‘ 5,
33 french-cut o220 . -5,
34 french-cut 225 ) -5,

49
49

O W ! i= W

o mowl.g
Gr

47 C 4,
‘53 -4,
56 3,
- 35 I
39 - 3.

35 {french-cut 255 : -5.
41 french-cut 1120 ; -5.,
42 french-cut - 60 l -6.
45 | french-cut - 145 Lo -6.
46 french-cut . 400 . =5,

O O W w® b
s ewwo

56
.38

47 french-cut 520 ; -4, 2
<) 3

56 2.
[ 2

3

‘148 |french-cut - 520 ' -5.
49 [|french-cut .| 500 ot
50 french-cut 520 . -5,
52 ‘|french-cut 560 _ -6.

38
250

WD 00 s e |
LON R O A

50 3
50 | L
49 5 2

53 .|french-cut | 560 . [ -6
54 {french-cut | =~ 570 43
60 french-cut | 470 -0,

Sk

|12
13

o
9
SROIN

&
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(TABLE I Cont'd, )

Reference Notes

DI;Ying time by extrapolation . :

Absolute pressure 8.2 (1b) (1n)~

Absolute pressure 6.8 (lb) {in}

Pulsed 0. 16 cycles per second.
Pulsed 0. 16 cycles per second.
Pulsed 0. 16 cycles per second.
Pulsed 0.09 cycles per second.

2.38" 1. D. sample container
2,38'" 1.D. sample container
2.38'"1.D. sample container
Drying time by extrapolation
Not “freeze-dried'.

Product appeared to be ''freeze- drled“

Amphtude:

Amplitude:

Amplitude:
Amplitude:

1.2 (1b) (i‘n‘)_2
0.3 (1b) (in)
0.3-0. 8 (1b) gln)
0.6 (1b) (in)~

ThlS run is probably close

to the maximum temperature and minimum time for french-cut beans.
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TABLE 11 FRENGH-CUT GREEN BEANS

A Gas ‘Absolute .
Run' [ Mean Temp.| Velocity . , | Pressurq: |. Time

- No.. | " (°C.) (ft) {sec) '. {lb).-(i_h)'u“" 1 (hr) .. Remérig-s._

3o | cae
13- |°  -5.3°
14 |7 IB.6 .

.

NOoO oW
B SR N Y
[y
»

NV Wb -
o Un o

15 o -5.8 1 15 . 8
30 ) 5.3 12.7 15 2.8;
Avg A -5.3" 8.0 15 3.3

P

1 | -901

16 | <979

17 bl10.4 1
Avg Bl  -9.%

— Wb o
N0 0 Wm
Lo
nonogn .
oW~ N
O SN b O

|
|
|

o
(484
e
o
0O

21 -5.6 8.
22 6.5 S 13
A-Vg C _6o 0

W W

|
N
|
|

Yot
it
N
-
wm
w
o

29 -5.1 1207 1 p"re'ss'ur'_;a--'}')u}.z;'.%;él:':i

al | -B.8 | 28.6 ’

W oW N
Wiw w o

45 | -6.0 18. 9 | |
AvgD| T80 25.9 ﬁ i

|
|
|

w
o

TABLE III' FRENCH-CUT ‘BEANS:

_ . ) !_G'as’_.' s _ ‘
.. Run . Mean Temp: Velocity ;|1 Time

No. | (°C.) 1 titksee) ! (br) | - Remarks

~ not puls ed

31 | -s1 ﬁ 2.7 N 1sed!
3 ' not'pulsed’

34 { -5.9" j 12.7 o
‘Avg, "5, 5. : 2.7 40

. pregsure-~pulsed
. pressure-pulsed

w

w

3

(8]
(Xa)

[y

N
N
B W o
S O

E 35 :_5__4_ 12,2 pressure-pulsed’
Avg 75, 6 2.8 4.0
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TABLE IV MISCELLANEOUS PRODUCTS

LA
vy

Run

‘Nou | ¥

Pi‘pdﬁct

- Taitial ¢ -
o Weight {gm)

Mean Temp'.'.

Gas Flow
(£6)> (min)

Time
{hr)

Ref.
Note -

S

nfresh‘ diced carroé‘s~ .
frozeén diced carrots
chopped brodcoli -

L 235
230
235

235

Y TS
-9 6
-9.5-

S -9.0

26
19
19

26

s,

60
19"
10.

5
chopped spxnach 5-
24" | asparagas ;- 235 -5.8 54 6.5
27 | asparagas 350 S oaB4t 48’ 4.9
28 | asparagus 290 -5.6 48" 6.2°
76 {'diced peaches 127 RS- T 3 R Vi
77 | diced peaches - ! 82.5 t1zio o | 6l 300 s
:81. | diced peaches : 815 62 P e |72 4

TABLE V PEAS AND CORN

P a
o T e

Run

Product

Weight

Initial
(gm) |-

Mean Temp.

(°C. )

Gas Flow

R

(ft) (mlh)

Time

()

38
39"
43
44
61

~cooked peas

freshpeas: -
fresh petite peas
fresh petite peas
y .s"'carifiéd peas’

IR

320
295
145

145
820

58
Vit 58‘

' 53
36

" 50

1 18

24
(14} .
(14)

30"

64"
65
66

scarified peas

scarified peas

.scarified peas

scarified peas

‘scarified peas*'-'

760
. 858
842
83+

91.5

1

50 -

T

25 -
g5
26 "

167.
68
|69
70
71

-scarified peas

scarified peas

‘scarified peas

scarified peas

starified peas*

112 -
99
108
o111
C 826

~5.7 - :
-5:9 ;
=6, 17 :
-6.3"
4.0 ‘
1.1
-0:8"
-0.4 -
-0.2
" +0.4
+1.

+
e

1{. 1

. l:.
Ao
W N U

25 ¢
25 -
25 .
60

82
83
84
86
88A

scarified peas .

scarified peas

-;I's carified péas -
;scarified peas

102
C113
|, 105

© 99,5

o3

- -2,

lTo N oo

60
60
60
60
60

'151 5

‘10

G111
2’
137

scarified peas

27
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TABLE A CON Tih JUED

' le'm .. W lmtlal Meaﬁ-,_T'emp,.-'. Gas3Flow_ ' Tin;e ‘Ref.
No. Product - | Weight'(gm)'|  (°C.} | {&)°(min) | {hr) |Note
| 88B . | scarified peas - | 104 6.5 60 N _f}.'ils?
| 88C ' | scarified peas 100 -6.0 60 -~ igas
89A : | scarified peas 1103 ; ~7.2 60 B R RR Y5
89B ' | scarified peas 97.5 ~8.5 60 Cem ] 145
89C | scarified peas 112 1 6.5 60 am 14
190 | scarified peas | - 108 B 60 | 38 |
10 . | fresh corn ¢ 235 : ~9.5 19 (42) i. 1
36 | cooked corn ‘ 1225 ' -6.3 60 o (20) e 2
|37 . | cooked corn 1265 -5.5 57 -l 2e)y |3
‘74 | cut corn 2778 ' - -3 8 60 c 24 ’8
5 . . . ‘ . i N L
75 | cut'corn 791 B T T 1

. Reference Notes

' Drymg time by extrapolation
) Drymg time by extrapolation -
_.Drymg 'time by extrapolation
"_Drylng time by extrapolation
‘Drying time by extrapolation .
. 'Carrier gas: carbon dioxide - = ¢ 7
Sample sent to QMC Food and Contamer Instltute
. .Carrier-gas: nitrogen - . : : ‘
8 " Sample ‘sent-to QMC Food and: Contamer Institute
o B ',_',_,'_.‘Carrler gas! nitrogen : ;
9 . . “'Absolute pressure 7.5 {lb) (m)
10 “Absolute pressure 7.5 (1b) {in)
I ‘ Absolute pressure 7,5 (Ib) (m)
12 o 'Absolute pressure 3.5 (1b) {(in)~
13A,B,C Ultrasonlc whistle mounted above drymg chamber
= I CFri equency 46 kc . Intensity: 140 db
14A, B, C' Ultrasonic Whlstle mounted above drying chamber.
' Frequenty: 14 kc - Intens ity 150 db

SN0 s W N e

NOTE All scar1f1ed peas and cut corn were supphed by QMC Food and
' Contamer Institute. Peas contained 2. 7% Sucrose but no reducmg
‘sugar. T
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TABLE VI MEATS

Run A T Initial Mean Temp. { Ga Flow | Time{ Ref.]"
No. ' Product’ | Weight {gm) °c.y (nﬁm-l (hr) |[Note |
18 diced boiled beef tongue 225 ) . -5.0 O .21/ 17.5
20 whole shrimp 4. 235 0 1 =61 : 30 .1 13.5¢ 1 -
23 cooked diced.veal.steak |.. 195 © | . -4 . {1 45 s {17.7){:2"
25 sliced ham booa4s ] 23,0 0 . 60 . f1s.syfi3
26 . | sliced ham o240 o =306 6L 20,0} 4
40 sliced roast beef . e 295 e oo-6.0 - 1 60 o K52) .1 5
79 diced roast beef 1. 698 ST S S 60 118.8 |16

80 diced roast beel 4 . 666 P -3.0 ¢ 60 |15 .7

91 | diced roast beef 824 : -3.9 60 16 8

Diced cubes about 1/4" to 1/2V.

e

Refe.rzéanc'é Notes

- : Ca.nned whole shrlmp xmsed Wlth fresh water and dramed

1
2 . Drying time by extrapolation =
3 . Drying time by extrapolation
4 : Drying time by, extrapolatlon
5 ._Drylng time by extrapolationf ' =~ o oo Rt 6
6 Sample obtained from and sent to. QMc Food and Container Institute.
o Carrier. gas: .nitrogen . . .0 ! e
7 - Sample obtained from and sent to. QMC” Food and Contamer Instltute.- =
Carrier gas: nitrogen R PRI PR
8 . Sample obtained from and sent to QMC Food and Contamer Instltute_.‘:':"'- :

Carrier gas: nitrogen .. *
Absolute pressure: 3.4 (1b) (m)
All meats sllced and diced by hand Sllces were approxlmately 1/4 " tthk

.
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- .conditions was slightly longer. Three runs were pressure pﬁlsle.d and the
other two {for control purposes) 'Wéi.ro not.’ Avefa'ghé' results may be found in
Table IiL. ' These results indicate no reduction in ,di'-y'ing :ﬁme due to pulsing.
It'was noted that pulsing stressed the éppaf'ét{zé and that szevera.l_leaksl devé:loped.
© Many samples ,cif"'ca.rrier-gas.~'f‘r'e;éze:<‘1rieid ifrenci{'—cﬁt beans were recon-
stituted with hot watev. in'all cases the final product appeared to be satis-
factory.
~ Table I lists. three rund for cut g;r"eeri beans, a.bout.'o'ﬁ,e inch long, with
. the cut at right anglé%' to the ‘axis of the bean. It was noted that drying times
- were much longer than for ‘f'réi‘iblf-—fcu't beans. Thls may be pa'rtlyl due to
larger piece size but probably the’ most important factor .‘:x}as ‘the much smaller
- area of cut surface.

. Table IV lists séveral miscellaneous products. The asparagus was in

ERR)

‘the form of 1/8 inch ‘thick sl’ié'ééj' Icmfi'::'*a,'t%r'.iéht a.ngigles to the axis of the spear,

'Drying time was about twice as ldng as'tor frehéin—cut beau.nz:qk.;= ISorhe?.shrinkage
was evident'but the Feconstitited prodict appeated to be si,'a‘tiié}fa’ctory.

Both the chopped broccoli 'and’ the chopped spinach saml;les contained
large amounts of cut surface but drym’g' times were conlsi_éltieia.bl}; longé1: than
for french-cut l_aeans}'at thé"sa‘frié {emp'énl_lé}ture'. This was'prl(;bably due ta
'packing” and cﬂaﬁﬁelihg"i’n theproduét bed. Drying tiﬁ;-es:'c;.f three‘hOL;,i‘S or
less n‘ﬁ-"gl‘llt'be rea'l"i"z'ed with a mév.ihg bed in a’ continuous dryer. The recon-
- stitutéd produé%é appeé.réd to Eé satisfactory.

. 'Both carrots and peaches had é%h"igh percentage of soluble sol.ilds“(mostly

... sugars), No méthod of plotting dr'ylifig time yiélded éi;ll:'é,ight 1iﬂes..é‘n‘d as a
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result the t'iﬁle._s listed in thé'-'tlable_:ajr'e.ve,i'j approximate. Ali.s'a;).rnpile's showed
agreat deal of shrinkage and ré'c,o;n.é titﬁtiqp W_a._s_.:.yelry slow. It appears that

" the only way to f)yoducc-a'satisfac-tor‘y“'Ilqué'duct in this instance would"’iﬁe to
operate ét a temperatu,rel- somewhat gielow. «ZOC._’C', in oxl“der to maintain most
of the water in a frozen state. Th'i.s__:- v;ould 'f_ﬁeé,n very long drymg times and
for economic reasons it is.“conchide.d that the Carrier dgs Sublimation Pro--
cess wéuld not be practical for this ty,:'f.ie of product.

Data for green peas ;én,d-_whole,ke_l.'nel corn is .give'n." in I'I‘able- V' Since
peas aré lalmoslt spherical in shape, :their diffusion rate méy Ibe"-'treated't
theoi‘eticgll‘y. The .assu.rne‘d mech.anism 18 a,receed,ing ice core Iéind:'gase_ous
.dliffu“..s.i_qx} through the: :dehydlrated shell. .’-Tlhe' ,phys,icél-,consténts 'bel,ii’evéd to
besufficient for characterization are the thermal coﬁductivity, the di‘ffué'ilvity

of water vapor in the dried shell, and the freezing ﬁpinp of the food sap.

g

“Consider a sphere of radius r, containing ice énq other solids homogen-
Ously-distribuﬂtgd.' At any time, (§) let:

m = rx_iass of water is spbere-(m:’rr% at @ = O)

1

m total mass, of,-dry solids contained.in or'iginél"sphe"re-, ‘a constant' -

s
wg =.m mass fraction ice:in a sphere of r_

mg

D.-:=: Average diffﬁéivity of water vap"or in sphere solids and voi_ds'

r = radius of a-hjr'ﬁofhetica.ll spherical mass with the 'origi,nalls'ph‘e"re'.s
com.po'sition, .séon?:aining all the ice remaining after a.certain amount

of sublimation has occurred,’ and having the same center as .the origi-
nal sphere,

¢ = mass of water vapor/unit volume at any pointf{at ¢ = r, c = c,.
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p = rlétd.iusl to any p.oint in thé drysohds Y < p<r

\“f = speéific x.rolu;'ne o.f the éarrier gas

t = tem.p,er_atu,re at any point‘ p _(.alt. all poiﬁts, r, t will bé aé,'s_urr;.ed to be
equal totatr=p)

W= mass i,ractéo'n.of water .\éal.:.ro__r in air at gz&uratiqp under thé _co.nditipns
K S - Bl . [ g ST e .
pfev,ailin_g atr = o,

k = the.rmal c.cn;,dlllclt_i:v':i-ty of dri—ed.“solid-s

.Q ileat o -

AH chaﬁge in entlr.aa.lpgr due to subhmétmn

At = (ts'er.ql.),gratu;‘:e of alrsurroundlng sphere) - {t)

5= sllope | - |

o = c‘o.,rll_,sl_tant

then:

dm = D4 7p “de
d¢ dp

at any time, @, integrating
dc = g 4r Dp 2 |
from p =ryto p =

and neglecting variation of dm/df# with p * we get

coodm 1. 1.1
T odé 4 7D r, rf

assuming that at r,, €= O;and at v, C = C_r

* Smce it takes a f1n1te time fo:r a molecule of water vapor to pass from
r to r,, ‘and since dm/d@ is a function of t;me, it must also be a functmn of
) and a better expressmn for dc m1ght be: C SRR

i boed )

and we are in fact saying o = O, E 11




Since Cr =w/V

Ez' dm N | . .l'- rl:o
SV de 47rDro..

rearranging

a0 v .:-:-'-(1;39_) [1]

dm 4 7 WDr,

substituting
1/3 »
To _ i Mg / “into [1]
r Am

and rearranging

0= __ v |1-fmo) dm
4.7 WDr ‘m
0

Integrating the above expression from O to ¢ ., and mo' to m we -.'g'e:.t_:_-,

. ., S ’ 2/3 L
9 = ¥V mg (142 {E )3 fm_ / [2]
8 T WDI’O‘ , : mo B 'mo- .

.Graph paper has been preparéd wh’iéh-,..i'ihe;'fati'iz'-'és I'aﬁy' fuﬂc:rt'iéil_”o}f:thg" form

8 = Kjl -+ Z(Enr;l.) .-3 Q‘J_l-)n}) 2/3 .. . 'Scariflie.d"pqas-'we'.fe dr1edunde1var10us
conditions and th-é-?fr;,ction of water remaining .at various tlmes du:mngtheg
period of drying was ‘plotted against time (Figs. 10, 11, and12) In most
cases,. straight'lines were obtained in:the region above 15% of or1g1na1wa1\:er

remaining.. Departures from linearity at th"gé start of thé_ 'd’fying pe:j:io._d::‘vj_i_'r_.er_e'

also noted but these are believed to bé due to ihsuffi(i{éﬁltx rate of g'.a:é' flow

e ) . L . . A L SRR 'E.'__'.'.’f'!"!'-.l-'.;':"‘.:""'".L.:
The departures from linearity observed below 15% of original water remaining

are believed to be due to vapor pressur“e'dép,réééioh"ééiﬁséd.b}.r d1ssolved fsfug’ai".
By reasoning analogous to that used in the deviation of the mass ti-g{ﬂsfér ex-

pression, the expression for heat transfer obtained is:
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-1

An energy‘bai'lance a;t"QQuilibriunu requires that

d 8 ' chood g
and subst1tut1ng

_ 4 rK At r (__Q _1) "1, _ -4 7™ WD r, (19 _1)'1
. r . P B .

or AHDW _ K At
VvV ook

or At = AH .DW.
I : K" v '

Conside rlng the function

o T 2/3| po
W=V omgfyyp(m )\ (m =]

8 T WD,
which can be 'e)‘:'pi;e ssed

w8 'sr WD'rO my

and evaluatmg at two pomts 0 1 and 92 we get

B, - 0, : 'V".ma -f,f" ﬂ;
: N 8 ™ WDI‘O I mO/ mO

or DW = mo Mg g

or DW :.'..1’1'10" s , also 'm V s
Voo 8 mxry - e 8 r Wr
S ' .0
Wh_‘ére s is thé sldiae of the c'l\ryiﬂng'_curv.e 'plotted on the above mentioned
graph papér. Since actual .dry'ing" j:ui‘ves are not linear throughbut their entire

A R R Ty vt
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lehéth, the slope _(r)f'oxj;l'.’y the linear region is used in these calculations.
Finally substituting:

At= AH m, - s
K 8 =« T

Using'.t};eéelekpi"lé's's.i:dhs, t an_dlD may be ca-lélilated if the value of K is
kriowl;i Assumi!ijg” K to be 1. 035 x 1.0“4'. cail?sec _crn',-OC, D was plotted vs. t
f.o.r peaﬂs»‘ dried at five cfiff_erent carrier gas penﬁpér-atufes. A sharp discon-
t'inuit.}'r wilij_be‘ noted in ti_iis curve (Figure 13); This discontinuity is assumed
to be .é(':').incident wifch" Ithe fi'éeziﬁg point of the pea sap, and since _t. can be eva-
1g§§ed iﬁ_dgpende_ﬁﬂy at this pﬁint. | An d}_}.eralli"heat: tra;i:':fer coefficient .m'g_y'b.,e
.calculatg_d; but fh'a_lvt a true thermal _(:ondxl;l'.é_t!ivi_'ty may. be (\:élculated q't Ith'is..l pomt
is doubtful. It is more likely that the t_hé'r';pal conductivity of th‘el"di‘_.i}ec; sl.r;élll"
ghéhggs rﬁarlﬁedly with tiempg;'atq#é' in the f.z-egz"iilg range where a Iérg_g' p?.‘o—
pdrfi_plji of the water is present._a,.i.?" a gé'u.cro‘sl‘e sﬁo%p}_pi;,op. ’I_,‘"he drying mechanism
c.:h_g_nges.. in f_his fggio,n from g'as:ébus' i_i:iffuéi'ilét'll'.t9'-¥i__gqid migration of some sort,
and ofl c'o'urs"é a‘r;ov'_'_el: the f.‘reezin‘g' point no d‘ijir::d\ shell ever exists. Theérefore,
it is cg;hcluaeq that it w111 st111 be r}lécessa'ry to rely on indef.)end_ent_.lr:fpgas_ur'e- '
ments for th"e thermal cqndu.c't:ivity o"f': the d'r.i_ed shell in the region where it
is trully dry

Alt_holugl}‘ t}lese rx3ethods must i)'e t‘-ri'édl and pl‘qyé'n With other fop.d':s , they
are If:_ne,:l.ievehd.i t(.‘). i.)c_:. 8011;1(1 and are recomfnended for use in digtermi'hing_ the |
sia_t_e of fhg f:olc'zc.l.. durmg d:i';yir_ng aﬁq": the é:icti;al_' dryiﬁg teﬁiperapxlre.

Althq}igi'i corn ke#ﬁeis are ;’.Qi stfigg}y spherical, t:f;e qlgta has been treatgd ,
iq a sil'mi.lé_r manner and dirying'_t,ir'rllés_h obtained flron}_the. i:}lot;s. Data of Table

V indicates that:
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1. Cooked ‘corn and.’'cooked peas dry faster than the fresh frozen product.

2. S(.:_'ari‘fying .:peas--incr:ease§1_d1"ying' rate,
3. C.t‘it,:corn' dries fastex than pulled corn. (The corn obtaline_c;'l _f;om the
Q}\{IC Food ,:j:}nd', IContainle,.r Institute was ..cut___lfrom the cob, The corn used for
. runs 10, 36, qx}d‘i437-was --pulled=sq -tha.'t the l_gernels had no cut sur.face.l ) A few
N _pullelc.l,'_kernel.s_ in the cut__tlsamplh.__,e had a;high moisture cdntent at the end of the
. run.
4. Drying time in carbon‘l(zizi_,_gxi(_f_le .i's.:sl§ght1y.‘__19nger than drying time in.
nitrogeh'or ai__;;-.  {compare runs -.?3 an@'64).
5; Reducing. the absolute pressure of the carr1ed gas reduces drymg
. t1me (Flg :ll) |
- 6. Ulf_ra.;soniq_' vibrations. of 14 and 46 kc haye no effect on drying time
(Fig. 12). |
"I‘labie VI‘ gives data fpr several meat _pll‘?dl.lcf::“.?. Figure 14 is aplot Qlf
two of these runs. | | | | |
o "I_'-a'bhleh{ VII gives da:tl_g. for ten éamples w“hicl} were sent to theQMC F?_Qd-.

SR I

apdlglo'ntaﬁri.'x}er In‘gt.itut:e fqr éya-lga.tion,
6’n 13 Oct‘.obe;j. 1961 _the following tele.gra.rn was received:
| “ATMOSPHERIC FREEZE DEHYDRATED SAMPLES or
PEAS CORN AND MEAT COMPARED VERY FAVORABLY
WITH VAQUUM, FREEZE-DEHYDRATED CONT_R__Q,LS. |
PEACH SAMPLES UNSATISFACTORY."
S.ilgned.by:
FM. Comman.dant

Quartermaster Army, Support Office
_ Chlcago, Ill1n01s
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: - CONCLUSIONS

GENERAL

Foods of low "s"ugaz:.!_con"t'ent can be fre;ze—dfi'gd by th'g Carrier(l}.as Sub-
lih;a.tio'n Process "'éind":y;?ld a satisfac.tory pl:loduct- i)lrovidet.i atleast one'dimen-
sion is 1/4 .J;.nC'h j‘f)fi' less. 3 | | |

The surface fﬁemb'ra,'pe of vegetables seemé .t'o ‘offer éréat reéiétance 'tb'
the pa%Sage of water vapor and ‘thus most drying occu.r:s thro_,{iéh C'ut"éurfaces
if they are present. | |

Foods of'high sugar content must bé dried at:very low temperatures in
order to'avdid excessive shrinkage and consequently require.very long drying"
times., :'Fdr"’eé‘dnomic-’i‘éasons--tl}e-Carrier Gas'Sublimation.Process is not
congidéfedjll:}f.,aética_l"i:ér";‘,chis_.;\ 1:l:l..ype,'_pf food:product. Technically,it'may be
p'osé"ill)le:to% fréeze-dry a’ fQ'od?'pfbdﬁét of’ 'a_ny sugar.content provided ‘that tl'll"e
'té;npe'raitdi"'eé'"i-s"'.lpw enough. 'However, ‘at this-time- the practical economic
limit cangot '§e‘:;::§iefiﬁ2§d.

" Of "'"che:,‘i:‘sé‘vér'a.l .ope"ratihg- variables studies,’ temperature proved to be the "
'_’ﬁoétifiml'j.o’rftaht. . .-.G'a.s"‘s.'ﬂ(f)w' rate had practically ng effect.on drying time.' :Re-
\'f(,lué'ed.pr'e'é'éiir'és""decr“ea'Sed drying time .but the economic advantage is doubtful. *
Cdﬁisgi‘dé'r.‘aition-ofl-'én,é'xjgy. rgqﬁir'eme‘ntis,' ‘probable continuous equipment
forms,” 4nd p'f'ﬁduct"é_{uaility leads the authors to believe that the 'caruriervs'.l%b‘%g
l_im'a.t;i'on'fre"e'z'._e—d'.r;}ing'-pr.océ':lss operating atatmospheric pressure hdlds_l‘:"prg‘mise"*

*.Ih 4 continuous insulated system 'the latent heat of sublimation is supplied by
the carrier gas. For a given inlet and exit temperature a definite mass of:gas
must pass’!'through tie product bed. *If the pressure is halved;' the velocity must .
be doubled and pumping costs remain the same, - Although smaller -equipment will"
" suffice at reduced pressures, it will be considerably more-expensive.




of producing a freeze-dried food product of good quélity at lo"vs'r"er.cost' than
pl-ééently realized in the currently standard processes. Estimati.'on"of the

cost of energy for the carr%ér'—‘-sublimation‘proaess yields a figure almost
identical to that currently réalized in practice with vacuum equipment of about
$0. 01 per pound of frozen food processed. In the jﬁdgement of Mr. Karl .thﬁéon
of the Army Quartermaster Corps Food and Container Institute, the q;iai.lity

of the frgae%ze—dripdvegetables and coo.'ked.' r'r;é.at pi‘o.dulcézd.in the experimental

carrier-sublimation equipment 'was quite satisfactory.
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COMMERCIAL APPLICATION

QQNERAL
- Tests conducted under contract DA- 19- 129-QM- 1597 provide sufficient
informat_ion to;yeI:ify feas ibilitylb?lf‘ the Cal;'xj,j'ie;j Sublimation P1~oc9,s__é~llfp'§.égix_‘;_
mercia_l app'lic'a,tion‘ Figure 15 and 16 are '.§I_chematic diagrams Iofv,,_af_qgm_r,;iler-
cial adaptatign of tbe process and ;g.guipme”r_x.t fgr freel.‘ze,-dryix‘xg: foo_ci.s bylfl_;_e,
carrier st{tbllirhat_ri\o?l i)rocess at a:x.'._la.te of approximately 2000 lbs. per day
DRYER $YSTEM." |
Th(Ia system depicted in figures 15 and 16 consists of two desiccator cham-
beré, a hg‘at régerv’oir, tiwo.blowers',_lalt ;efriggratiop unit, Ta_heater, conveyor
| 'system,_.anld sgi:tqble': dufting. Iﬁxs.tru@?htationﬂ, as required to monitor varjous

functions, would be added and 'y,c;"ofnb,ined., whenever possible, into a master

A
:contrql plariel. '
'_OPERIIA’II‘IO‘N' ; (FIQST' _.15;23 15) | S

-,Thellje. are two Inil_aj_o.r phasesm tl;e _op,eraiiqn of Ia.carrie{;‘sublim.a'tion
process _ gryipg‘a%}dl'desip(%;atq_x"“i{égéneration,

The dlr'ying.ph'aslé; is best uﬁd_e'fs'tood ;b}'(l,,fqlloyy'@g the ,cérrier gas as it
is c-irqﬁlated tl}rgugh' the sylstgm.' Dry .car'_.r_,ier gas at ZOO.F.: IeriterS, the dlymg
chan}hef abo‘lre'..lthe : .élonve':yp.rs .

Th,e. qllelpith’o_fl th::‘e pxjodpct.__]l,ay:ef_.-upop th:e‘.clonveyor i;}cr;_eases.- as one progresses
from tbe é'rélgiuct iniet.;o' thepx;oduct outlet. This is ag_h_ie'ved by a series of
conveydrs, ea;:_h cqni'r:eyor movmg f_nore slowly than its .predecessolr;  The

purpose of this increase is t]o: 'éillow for the reduced drying rate as drying prq;

gresses.
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Because the =clryixig fate reduces as drying progresses, the time of con-

bR
C

fa(;t between the carrier géls and the drl'y'ing'.prodluc't must increase to achieve the
nearly maximum carr'ié.ll‘"\'#/'a'fér :(;;ohte.nlf‘;:t:.lﬁat_-w'axs acihie:y'ed at the onset of dry-
ing. The time of contact 1s ihc'reaéed i)j}rlinc.ré'asing the depth of product thrdgg'h
which the carrier must pass.’ 'S_inc'e-'i';tﬁé .px;.es_.sure drop through the product 15
nearly the saine throughduif t'l'lie'ff‘enti;'e'_le'r;gth of -,t};.e Arying chamber, thé'car;iér
velocity is reduced asa r,ésdlt:"t;f the’ iné"i‘léﬁ;sed bed dépth, and this also ::tnc'i'."ea.us eé
the Etimé of contact. The d'ep't'h":lof. ,the;.;'p'ro'du.ct léyei‘ W'o.uld vary from several
inches to several feet and the length OEf £hé";:onve§or train would bq around 100
feet.

The moist carrier gas’ 3('ne;lal:r'1y’ gaturated with water) now passes out of
the product layer, into the .lovx}fe'r'portio_n' of the drying chambers, thrc;ugh a
duct to a blower, and into (tl‘lei '&é"s'ié._é:at'or where moisture is absorbed. It

then moves from the desiccator into the uppér drying chamber for' another

et S
4 LN

cycle. T:h'e heat of sublimation :sﬁpplie.d' by the C:a:rrilér in the dryer is fetui‘ne’gi;l
to the éarrierl in the desiccator.

When a desiccator Eeéoi'nés saturated with moisture and can no longer
dry the carrier gas passing through it, it must be regenerated. ‘“While one '~
desiccator is l;eing 'iegeneratéd, the 'othe,r‘ is being used to dry .the" icai‘rie T .
gas. The carrier gas ma;} be circdla‘t.ed through either desiccator at will,
by changi;zg thé position of valves 5, 6, 4, 8, ! and 2. These valves are
shown in the diaéraLms to effect c,a.ri'ier gaé' circulation through dessicator

13.

The diagram shows desiccator 15 in the two stages of the regeneration
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phase-; - Figure 15 shows the first stage of regeneration in which air from the
atmosphere is drawn into the hot pebble heat reservoir by the blower 12. The
hot air from the heat reservoir is heated further (make up heat) by the burner

11, ‘ahd passes through the desiccator heating it and driving off the absorbed

moisture. At the end of this stage the heat reservoir is at ambient temp ands. -

the des iccatar is regenerated but hot.

_Vﬁ!ves,&,_”?,_ and 3 are turned fo-prepare the system for the second stage

of the regeneration phase shown in Figure 16, The air remaining in the -systeiri”

is now circulated from the hot desiccator 15, through the ambient pebble heat

reservoir where it is cooled to ambient temperature. The ambient air.is

(o] :
cooled to 20 F by passing through the refrigerator 10 and returns to the hot -

. . 0 : '
desiccator, eventually cooling it to 20" F when the stage is completed and cir-

culation is terminated,
Each desiccator would contain 94, 000 pounds of activated alui%iina, and
would last for 124 hours of operations between regeneration, The pebbie heat

. 3 T
reservoir would be the same size as the desiccators (1900 ft™} and would con-

t ain glfa,vel.

ECONOMIC ‘ANALY‘SI_S

This hypotlhe;t.;icé}_“-pl‘lant allbw__s .Iglo.rne:,tb'asis ‘uplon which a preliminary econo-
mic analysis of the __p:égess can;f_be:rqédé. Other than power and fuel reqﬁf;é—
ments, little else cagjbe reducgf;iiiclo.figures in dollars.

It is reasc;naple.l.:tg_la,ssumela pressure drop of about 0.2 psi through the -

bed of the drier at all points. It is also reasonable to assume ‘such a design

that the exit gas from the drying chamber is nearly saturated with moisture.
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. o | |
Assuming a drying time of 24 hours and an ice temperature of 20 F,’ pumping

power requiranients for the drying chamber may be computed. Since’ it is
felt that a f\,ixed bed of activated alumin'a desiccant is the most"suitable desgic-
catox f,or the process, calculatlon of pumping costs through the: desmcator.

fuel and refrlgeratmn T eqmrernents will be computed for alurnma desmcators,

'a;‘ncgs a -p_"‘es'bble -heat storage unit as indicated in the schematic diagram, Assiiming

tkab@&percent of the'heat to raise the cold desiccant ,t,o; regehef'atiOn temﬁerw
ture Qnot mcludmg heat of subhmatlon) -and 120 percent of refrigeratlon requnl'éd ..
;o copl the regeherated deszccant from amblent temperature to 20 F represent
a. a:ea.sonable "make up'' for lossea in the tota,l system, the followmg costs are

calculated for the process energy pe1 pound, of watar remoVed The price of

’ powei‘ used is. $0. 015/kwh and the price: of natural gas used is $0 40/1000 it3 :
|
| Power for pumping of carrier i $o. 006?«2 S '
Power for refriggrﬁtign‘ - o 0. 600‘&52 ;

- Heat of sublimation. B l 0 60663? SR E
Heat make up . ) -"-'IOL 060660 . |
Total cost per 'pouln‘ds of water removed - $0 00696 :

.

Assuming the same prices, the actual cost in the vacuum process per

pound of water removed is $0.0083, If lqwér drying temperatures cox slower

drying foods are used, the price per pound of water removed will increase.

.i
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